Primiparous, post-partum mated BALB/c bom inbred mice were allowed to raise litters of 6 young until Day 22 of lactation: 11 of 25 females were restricted to 60% of food consumption of ad-libitum fed dams after stud male removal at Day 2 of lactation. Since weight gain of restricted females during lactation was not inhibited and infanticidal behaviour was not enhanced, food deprivation can be considered to have been relatively mild. However, none of the food-restricted dams gave birth to a second litter whereas 12 of the 14 ad-libitum fed mice littered. This pregnancy failure is suggested to be due to implantation failure or abortion shortly after implantation, which is attributed to maternal manipulation rather than to immediate consequences of energetic demands of lactated young. The dynamics of the weight changes of dams and young suggest that milk production in suckling house mice drops most markedly between Days 17 and 18 of lactation, irrespective of whether the dams are non-pregnant, pregnant, or food-restricted.
Introduction
House mice (Mus musculus) reproduce even under very disadvantageous conditions (Bronson, 1984) . Food shortage apparently does not disrupt reproduction within house mouse populations (Strecker, 1954) ; however, if egress of mice is prevented and food supply is limited under seminatural conditions, reproduction ceases due to female infertility (Strecker & Emlen, 1953) .
In the laboratory, food restriction may affect any reproductive parameter in female house mice, e.g. age at maturity (Hamilton & Bronson, 1985) , mating rates (McClure, 1966; Marsteller & Lynch, 1987a) , ovulation rates and cycle length (Bronson & Marsteller, 1985) , implantation success and embryo résorption (Zamiri, 1978) , viable litter size and birth weights of young (Smart & Silence, 1977) , mortality and growth of young (König, 1985; Marsteller & Lynch, 1987b; Perrigo, 1987 ). It appears, that these reproductive manipulations of house mouse mothers are finely tuned to the level of nutritional deprivation, allowing a mother to wean a maximal number of healthy pups (König, 1985; Marsteller & Lynch, 1987a, b; Perrigo, 1987) .
However, in most food-restriction experiments the dams used were either non-pregnant or nonlactating. Since post-partum fertility can be considered a common feature within house mouse and other rodent populations (Conaway, 1971; Gilbert, 1984; Bronson, 1985) , this study investigated the effect of food restriction on reproductive parameters during concurrent pregnancy and lactation in house mice.
Materials and Methods
Animal maintenance and breeding. Mature, sexually inexperienced female and experienced, fertile male BALB/c bom inbred mice were obtained from a breeding stock maintained at the University of Konstanz. Twenty-eight females (all 98 days of age) were then mated synchronously with males at random; the males stayed with the females during pregnancy. The breeding pairs were housed in transparent cages (26-5 42 15 cm) with feeder-tops. Standard laboratory food and water were provided ad libitum. The colony room was kept at 21°C and with a 12 h light: 12 h dark cycle (lights on at 07:00 h).
The cages were checked twice daily for new litters (at the beginning and the end of the light phase). The day of discovery was considered to be the day of birth and designated as Day 1 of lactation. The stud males were removed on Day 2 of lactation to allow for post-partum mating. The young were removed from the dams on Day 22.
On the day of birth viable young were counted, sexed, and weighed and litters were adjusted to 6, trying to balance the sex ratio. If too many young were born to be assigned to an experimental litter, randomly chosen ones were discarded and killed by C02. Treatment groups. At mating, each of the 28 pairs was assigned randomly to one of two treatments to obtain two groups of 14 pairs. In the ad-libitum fed group (Group AL), no further manipulations were conducted after removal of the stud male. Twelve of these females raised litters of 3 male and 3 female young, one had 2 male and 4 female young and the other 4 males and 2 females.
In the food-restricted group (Group FR), after removal of the males at Day 2 of lactation, 60% of the food consumed by unrestricted BALB/c bom dams was provided daily at 11:00 h just after the weighing procedure (see below). Ad-libitum daily food consumption was determined during another experiment (Krackow & Hoeck, 1989) using 12 post-partum pregnant BALB/c bom dams bred under the same conditions as the dams used here, i.e. the dams bred in the same breeding room, raised 6 young each, and were of similar age and weight.
Group FR consisted of only 11 families since there were not enough young available on one occasion, one female did not manage to deliver the first embryo at parturition and had to be killed, and one dam lost her litter by accident.
Ten of the females raised 3 male and 3 female young, one raised 1 male and 5 female young.
Weight data. Weights were determined to the nearest 0-1 g. Dams and litters were weighed daily at about 11:00 h between Days 3 and 22 of lactation. Litters were weighed by sex, i.e. all members of each sex were weighed as a whole. Individual weights were calculated by dividing the whole-litter weights by the number of young. Weight changes referring to Day 3 of lactation were used for comparisons of weight gains during lactation. Implantation sites. Dams were killed by C02 at the day of their second parturition or at Day 30, if no weight gain was detectable, and uterine scars were counted. Scars of the first parturition could easily be distinguished from those of the second. They appeared as flat, yellow spots at the mesometrial side of the uterus whereas the latter formed cones of tissue of a yellow or red appearance and were surrounded by rosettes of uterine tissue.
Statistical procedures. Weight-data of the two treatment groups were compared using the Mann-Whitney U-test, male and female young weights using the Wilcoxon signed-rank test. Comparisons of weight gain data in Group AL and FR were made by one-sided tests because food restriction predicts lower weight gain. Differences were considered significant at the 5% level.
Results
To investigate whether there were any a-priori differences in fertility or investment ability between the two groups of dams, female weight at mating and first parturition, delay between mating and parturition, and size and pup birth weight of first litters were compared. No significant differences occurred (Table 1) . Of the 14 females in Group AL, 12 gave birth to a second litter on average at 260 days after the first parturition (range 22-30-5 days). However, none of the 11 Group FR females had a second litter (Fisher's Exact Probability test, two-sided: < 00001). Mortality of suckled young did not differ significantly between the two groups: one female pup was found dead and partly eaten by its mother at Day 8 in Group AL, one male was found in a similar condition at Day 9 in Group FR. Within another 2 litters in Group FR, one male pup disappeared at Day 9 and hence must have been cannibalized and one male was found dead but not injured at Day 5 of lactation.
Uteri of Group AL females showed 10-79 + 3-14 (mean + s.d.) implantation sites assigned to the first parturition (see 'Materials and Methods'). Group FR females had only scars from the first parturition . The uteri of Group FR females and of the two post-partum infertile dams in Group AL did not show any sign of development of embryo-supporting tissue or capillarization, unlike the uteri of the Group AL females which gave birth to a second litter.
Weight data
The following comparisons between Groups AL and FR were made excluding the data on the two families in Group AL within which the dams had not given birth to a second litter. Their different reproductive status would add another variate for analysis, and the sample size does not allow for statistical tests.
Weights of post-partum pregnant dams and their pups in Group AL did not differ from those of Group FR females and their young, respectively, at Day 3 of lactation (Table 2) . Also, male and female young showed no significant difference in weight at this age (Table 2) . The influence of food restriction on weight gains of dams and pups is shown in Fig. 1 . The post¬ partum pregnant dams in Group AL and the Group FR females gained weight at the beginning of lactation and differed in weight gain significantly after Day 14, when Group FR females subse¬ quently lost weight. Mean daily weight loss was maximal at Day 18, i.e. between Days 17 and 18, of lactation in both groups of females (Fig. la) .
Weight gain of young differed significantly after Day 5 of lactation. Mean daily weight gain of young in both groups was minimal at Day 18 of lactation (Fig. lb) . At Day 22 of lactation the young weighed 10-52 + 0-72 g (mean ± s.d.) for Group AL and 916 ± 0-47 g for Group FR.
Male and female young did not differ in weight gain during lactation at any time in Group AL (Fig. 2) . In Group FR, male young gained more weight after the day of minimal growth which became significant at Day 22 (Fig. 2 ).
Discussion
One of the intriguing features of the flexible reproductive tactic of house mice is to reduce litter size during lactation by cannibalizing some of the young when food is in short supply (e.g. Smart & Day of lactation Fig. 1 . Mean weight gain of (a) dams and (b) pups with reference to Day 3 of lactation for the ad-libitum fed families with post-partum pregnant mothers (Group AL, = 12) and the foodrestricted groups (Group FR, = 11). Arrows indicate the day of minimal prior daily growth. *P < 005, **P < 0-01, ***P < 0001 (U test).
Silence, 1977; Marsteller & Lynch, 1983 , 1987b Bronson & Marsteller, 1985; Perrigo, 1987) . This phenomenon has even been observed in wild house mice subjected to food restriction at about 80% of the amount eaten ad libitum (König, 1985) and has been argued as being to enable a house mouse to produce young of adequate size for survival at the time of weaning (König, 1985; Marsteller & Lynch, 1987b; Perigo, 1987) . Laboratory mouse dams restricted to 80% of ad-libitum amounts of food consumption do not cannibalize young (Marseller & Lynch, 1987b) . However, these mice gain no weight during lactation as do unrestricted ones. During the current experiment, food was restricted to 60% of food consumed by ad-libitum fed BALB/c bom dams under the same conditions (see 'Materials and Methods'). However, it is known that laboratory and wild house mice maintained under such conditions waste a large amount of the consumed food on the cage floor (König, 1985) . The Group FR dams gained as much weight as did Group AL females until Day 14 of lactation and did not cannibalize more young than did Group AL dams. Furthermore, at Day 22, the young of Group FR mothers weighed 916 g on the average, which is well beyond the 9 g that König & Markl (1987) argue is the minimal weaning weight of young at Day 23 of lactation. Consequently, the effective level of food supply used here might have exceeded 80% and did not compel a mother to diminish her weight gain during lactation or to reduce her lactated litter. In spite of this apparent mildness of food deprivation, none of the Group FR mothers gave birth to a second litter as did 12 of the 14 females in Group AL. In contrast, fertility is not or only slightly reduced in non-lactating house mice by even more severe post-mating food restriction (e.g. McClure, 1961; Smart & Silence, 1977; Zamiri, 1978; Marsteller & Lynch, 1987a; Perrigo, 1987) . This infertility might suggest that concurrently pregnant lactating house mice save energetic resources in favour of the lactated litter by pregnancy termination, when food is in shortage. However, it has been shown that the weight gain of the litter to weaning is only very little affected by concurrent pregnancy (Mizuno, 1960; Thompson & Anderson, 1977; König & Markl, 1987; Krackow & Hoeck, 1989) . This means that the young in the nest would benefit only slightly from a loss of the young in utero: the mother, on the other hand, would have her next litter about 2 weeks later (e.g. Krackow & Hoeck, 1989) .
The physiological mechanism involved in post-partum fertility failure of Group FR dams is probably the failure of implantation or abortion shortly after implantation. Firstly, since Group FR females were treated exactly as were Group AL females until Day 2 of lactation, i.e. were not food restricted, it seems unreasonable that any effect on ovulation could have been responsible for the infertility of later food-restricted mice.
Secondly, in the Group FR dams uterine scars were found resembling only those of the first litters in Group AL females and there was no tendency for more implantation sites at autopsy. In rats, total litter abortion at 2-5 days after implantation has been observed during food shortage to 25% of ad-libitum levels (Berg, 1965) . Although implanted embryos killed experimentally by colchicine treatment as early as 2-4 days after implantation in rats may occasionally cause no uterine scars (Conaway, 1955) , these résorptions have been identified by counting uterine scars at Day 21 of pregnancy (Berg, 1965) . Therefore, pregnancy failure in Group FR dams must involve implantation failure or very early embryonic loss, even though the low energetic requirements of embryos at such an early stage of development should be easily met by the Group FR dams, particularly since house mice are able to save energy by reduction of weight gain during lactation (Marsteller & Lynch, 1987b) .
In conclusion, it appears that implantation after post-partum conception and during lactation is markedly affected by mild nutritional deprivation and is probably due to maternal manipulation and not to immediate consequences of energetic demands of the lactated litter.
The young from Groups AL and FR gained the least weight between Days 17 and 18 of lac¬ tation which is the same day as in litters of non-pregnant BALB/c bom dams (Krackow & Hoeck, 1989) . Also, both groups of females lost the most weight between Days 17 and 18, which is also the first day that lactating mice consume less food than on the previous day in the course of lactation (Myrcha et al, 1969) .
Lactating rodent females gain weight at the beginning of lactation, due to enlargement of the alimentary tract, of the liver, and of mammary tissue (Kennedy et al, 1958; Fell et al, 1963; Myrcha, 1964; Hanwell & Linzell, 1973) and lose weight at the end of lactation again by regression of these tissues. It is therefore suggested that maximal reduction of mammary tissue occurs between Days 17 and 18 of lactation and, concomitantly, energetic requirements of dams drop as does the energetic gain of the young. In Group AL females this weight loss is masked by the weight gain of the litter in utero, but the maximal weight loss is still apparent.
If the above interpretation holds, lactating house mice drop their milk production most mark¬ edly at the same day irrespective of whether they are non-pregnant, pregnant or food-restricted. Furthermore, the relative growth of young is virtually identical under each of these conditions (see Krackow & Hoeck, 1989 , for a comparison of litters of pregnant and non-pregnant dams). Hence, the timing of weaning appears to be inflexible in house mice. The dynamics of milk yield are also similar in laboratory mice (König et al, 1988 ) and laboratory rats (Babicky et al, 1973) raising litters of different sizes, in spite of the differences in total milk yield.
The above conclusion is in some disagreement with the conclusions of König & Markl (1987) who suggest that house mice extend the phase of lactation if pregnant or lactating litters of above average size. However, these authors draw their conclusions mainly from behavioural data and divergence of such data and milk yield (see also Krackow & Hoeck, 1989 ) must be considered as a possible source of mismatch in results (Mendl, 1988) . I thank F. Gruber, his animal breeding staff, and two students for help with animal main¬ tenance, breeding and weighing; and H. N. Hoeck and G. Gerlach for comments on the manuscript.
